1. The Barrett (1967) assay for cathepsin D was slightly modified. 2. The enzyme was purified from liver of man and chicken by a procedure involving autolysis, acetone fractionation, ion-exchange chromatography and isoelectric focusing. 3. Several isoenzymes of cathepsin D were resolved in the isoelectric-focusing step, and three major forms, a, fi and y, were distinguished for each species. 4. A modified analytical method of isoelectric focusing in polyacrylamide gel indicated a high degree of homogeneity of the purified , and y isoenzymes from each species, and this was supported by their constant high specific activities. 5. Gel filtration of the isoenzymes in a calibrated column of Sephadex G-100 showed that each had a molecular weight of 45000. 6. Human cathepsin D had a pH optimum of 3.5, and that of chicken enzyme was 3.0, haemoglobin being used as substrate. In each species, the three isoenzymes have the same pH-dependence curve. 7. The purified cathepsin D samples showed very little action on acid-denatured albumin.
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Cathepsin D is a proteolytic enzyme present in the lysosomes of cells ranging from protozoa to the tissues of higher animals. The enzyme is normally detected in tissue extracts by the degradation of haemoglobin at acid pH values, and it was first examined in detail by Anson (1939) under the name 'cathepsin'. The discovery of several enzymes, acting on synthetic substrates, in crude 'cathepsin' preparations (Fruton & Bergmann, 1939) led to the recognition of cathepsins A, B and C (Tallan, Jones & Fruton, 1952) , but obscured the nature of the haemoglobin-splitting enzyme until Press, Porter & Cebra (1960) demonstrated the independent existence ofcathepsin D, an enzyme with no requirement for thiol reagents and no action on lowmolecular-weight substrates. The properties of the cathepsins have been reviewed (Barrett, 1969a) .
Quantitatively, cathepsin D is one of the major proteinases of animal tissues and the work described here was done as part of an attempt to discover whether the enzyme plays any role in normal protein turnover or pathological processes such as the destruction of cartilage matrix in rheumatoid arthritis. The purified enzyme preparations have been used to raise specific antisera (Weston, 1969) for use in an immunoenzymic approach to this problem (Weston, Barrett & Dingle, 1969; Barrett, 1969b) .
The partial purification of cathepsin D from human spleen has been described by McMaster & Webb (1963) , and lodice, Leong & Weinstock (1966) have examined the enzyme from chicken muscle.
MATERIALS AND METHODS
Livers from 56-day-old S.A.P.P.A. Cobb chickens were obtained from a local poultry-packing station and were minced and frozen within a few hours of death. Human liver tissue free from disease was removed soon after death and stored at -20'C. Sigma 7-9 and Trizma grades of tris, a-chymotrypsinogen A type II, crystallized bovine serum albumin and egg albumin grade V were obtained from Sigma (London) Chemical Co., London S.W.6, U.K. Triton X-100 was supplied by Lennig Chemicals Ltd., London W.C.1, U.K. Bovine haemoglobin and crystalline serum albumin were purchased from Armour Pharmaceutical Co. Ltd., Eastbourne, Sussex, U.K., and Sephadex and Blue Dextran were products of Pharmacia Fine Chemicals Ltd., Uppsala, Sweden. Arquad 2C-50 was purchased from Armour Hess Chemicals Ltd., Leeds LS1 4NR, U.K.
Cathepein D a88ay. The method differed slightly from that used previously for rabbit cathepsin D (Barrett, 1967) . For assays of human cathepsin D, the pH of the I.OM-sodium formate buffer was raised from 3.0 to 3.3 (30.Og of sodium formate/l with 21.3ml of formic acid/l), giving pH3.55 duringthe incubation at 45°C. The haemoglobin substrate solution was prepared in the laboratory as follows. Ox blood, containing trisodium citrate (0.5%) as anticoagulant, was obtained from a local abattoir; the cells were collected by centrifuging (15OOg for 15min), washed six times with 1% NaCl solution by resuspension and recentrifugation at 4°C, and were then shaken vigorously with an equal volume of water together with 601 0.6vol. of CC14. The mixture was again centrifuged and the clear red haemoglobin solution was drawn off; it was dialysed against several changes of water, diluted to 8.0% (w/v) solids and stored frozen. Acid-denatured haemoglobin was prepared from this product as described previously (Barrett, 1967) . The incubation time in the assay was decreased from 1 h to 10min, but the definition of 1 unit of activity as that quantity that would produce an increase in extinction (AE280) of 1.0 in the assay during 60min under the specified conditions, a linear response being assumed, was retained. A linear relationship betweenAE280 andincubationtimeintherange 10-120min was demonstrated, but AE280 was directly proportional to enzyme concentration only up to a value of 0.3, as was found previously.
Highly purified enzyme preparations were diluted for assay with a solution of bovine serum albumin and Triton X-100 (each 0.1%) to prevent losses due to adsorption on surfaces.
For comparison, assays were also made as described by Press et al. (1960 ), Schwabe & Kalnitsky (1966 and Kress, Peanasky & Klitgaard (1966) .
The method of Barrett (1967) was used in the determination of pH-rate profiles, and in some experiments crystallized bovine serum albumin (Sigma) was used as substrate after being subjected to the acid-denaturation treatment described for haemoglobin (Barrett, 1967 (Davis, 1964) . The rack of tubes was rapped sharply several times to dislodge small air bubbles before the solutions were overlaid with water and polymerized by exposure to an 8W fluorescent lamp. The gels were run in a disc electrophoresis apparatus (Shandon Scientific Co. Ltd.) with 2% (w/v) tetramethylethylenediamine in the cathode reservoir and 0.2% H3PO4 in the anode compartment. Initially a constant current of 1mA/gel was maintained, but this was replaced by a constant 250V when the voltage had risen to this value; under these conditions focusing was allowed to continue for 5 h. Alternatively the gels were run overnight at 75V, followed by 30min at 250V. After focusing, the gels were removed from their tubes and fixed for 1 h in 5% (w/v) trichloroacetic acid before being stained for 8-24h in Coomassie Brilliant Blue R250 (0.01%) in ethanol-acetic acid-water (7: 2:11, by vol.). The gels were then stored in ethanol-acetic acid-water-glycerol (5:2:13:5, by vol.).
In some experiments enzymic activity was located in isoelectric-focusing gels. Immediately after focusing, the gels were bisected longitudinally, and one half was then chopped into 2.5mm segments and the other was stained. The segments were soaked overnight in separate tubes containing portions of a dilute (0.lOmg/ml) solution of bovine serum albumin, which were then assayed for cathepsin D activity.
Column chromatography. Buffers contained 1% butan-1-ol as preservative, and pH values were determined at room temperature. Sephadex, DEAE-cellulose (Whatman DE 52) and CM-cellulose (Whatman CM52) were used as recommended by the manufacturers. All columns were run at 4°C, and flow rates were controlled with a peristaltic pump.
The determination of molecular weight (Andrews, 1965) was done with a column of Sephadex G-100 (1.5 cm x 68 cm; 120 cm3) in a Pharmacia K15/100 chromatographic tube; the buffer contained lOOmM-NaCl, lOmM-Na2HPO4 and lOmM-KH2PO4 (pH6.9) and flow rate was 4.5mI/cm2 per h. The column was calibrated with a standard mixture containing Blue Dextran, bovine serum albumin (Sigma), egg albumin, a-chymotrypsinogen, K3Fe(CN)6 and sucrose in 2.4 ml of buffer, which was layered on the Sephadex bed below the buffer already present.
RESULTS

Enzyme assay
The cathepsin D assay described here has been found accurate and convenient over a long period of use. Bovine haemoglobin substrate was easily prepared in large quantities in the laboratory; it was more soluble and gave lower blank values than that obtained commercially, but essentially identical reaction rates were obtained with it. Human cathepsin D was found to be unstable at pH 3.0 and 450C, in the absence of substrate, and a slightly higher pH was therefore used for its assay.
Purification of human liver cathep8in D Extraction and autoly8i8. Tissue (2.5 kg) derived from two livers was thawed at 40C overnight. A Silverson homogenizer was used to produce a fine dispersion of the tissue in 1% sodium chloride (5.0 litres) containing butan-1-ol (2%, v/v). Solid calcium chloride dihydrate (1 lOg) was dissolved in the homogenate, and M-dipotassium hydrogen phosphate (750ml) was then poured in slowly with 602 1970 vigorous stirring. The suspension was adjusted to pH 7.0 by addition of a 2M-tris-HCl buffer (Sigma 7-9 adjusted to pH9.0 with 6M-hydrochloric acid before dilution to 242g of tris/l) and was then centrifuged in the MSE Mistral 6L centrifuge at 15OOg for 30min at 150C. The supernatant was decanted, adjusted to pH3.6 with 5M-sodium formate-formic acid buffer, pH 3.0, and incubated overnight in a water bath at 370C to allow autolysis to occur.
In this procedure precipitation of calcium phosphate in the homogenate caused flocculation of finely divided particulate material, so that the supernatant obtained after low-speed centrifugation was almost clear. Although all of the results described in this paperwere obtainedbythismethod, it has recently been found that flocculation can be produced even more conveniently and effectively by adding the cationic detergent preparation Arquad 2C-50, in the form of a 20% (v/v) emulsion, to a final concentration of 1 % (v/v).
Autolysis did not in itself increase the specific activity, but it greatly improved the result of subsequent acetone fractionation. The possibility of producing artifacts during deliberate autolysis required careful consideration, however (see below).
Acetone fractionation. The preparation was cooled to 20C with the aid of a refrigeration unit and acetone (0.9Ovol. dried over anhydrous sodium sulphate) at -10°C was run in, with stirring, over a period of lOmin. The precipitate was removed by centrifugation at 1500g as before, but at 00C for 15min, and discarded. A second portion of acetone, equal in volume to the first, was poured in in the same way and the precipitate was collected by filtration in the presence of filter aid (2g of Hyflo Super Celfl). The ifitrate was discarded and the solid was suspended in the minimum volume of 50mM-EDTA trisodium salt in 50mM-tris-HCl buffer, pH 8.0. The suspension was dialysed at 40C against two changes of the EDTA-tris solution during 24h, and was then further dialysed against 2mM-tris-HCl buffer, pH9.0, until the pH was above 7.5 andthe conductivitybelow 1.5 x l0-3mho/ cm2. The suspension was filtered. In recent experiments, in which Arquad 2C-50 has replaced calcium phosphate, samples were dialysed directly against the 2mm-tris-HCl buffer.
Acetone fractionation was a valuable purification method (Table 1) . A minor problem was the firm adsorption of part of the enzyme by insoluble material in the second acetone precipitate, but this activity became soluble during dialysis against EDTA.
DEAE-cellulo8e. The enzyme preparation (about 400ml) was applied to a bed (2.5cm x 41 cm, 200cm3) of Whatman DE 52 DEAE-cellulose equilibrated with tris-HCl (14.4mM-tris-1OmM-hydrochloric acid, pH 7.8) buffer. The column was eluted at llOml/h with a linear gradient (2.0 litres) of 0-0.20M-sodium chloride in the tris-HCl buffer. Fractions (lOml) were collected and lul samples were taken for the enzyme assay. Fractions with high specific activity were combined and dialysed against 30mM-acetic acid-30mM-sodium acetate buffer, pH4.75.
At pH 7.8 cathepsin D was eluted at about 50mM-Cl-from Whatman DE52 DEAE-cellulose and only traces of acid proteinase activity remained to be desorbed by gradients of up to 0.40M-C1-, which were used in a few experiments. This indicated that cathepsin E, a strongly anionic approx. 5.7, 6.0 and 6.5 . Although the resolution CM-cellulo8e. The enzyme preparation (about of isoenzymes was always good, and their relative lOOml) was run into a bed (1.5 x 9.0cm, 15cm3) of positions in the gradient were reproducible, pH Whatman CM 52 CM-cellulose equilibrated with the measurements ofthe rather lightly buffered gradient acetate buffer, pH 4.75, described above. The bed fractions were not uniformly satisfactory, and some was then washed with the same buffer (30ml) before determinations of isoelectric points varied by as the enzyme was eluted with buffer (50mm-acetic much as 0.2pH unit from the mean values. acid-200mM-sodium acetate, pH 5.5). Fractions (3.Oml) were collected at a flow rate of 30ml/h.
Purification of chicken liver cathep8in D
Fractions containing the protein peak eluted by the second buffer were combined and dialysed against
The method used was identical in most respects 1% glycine solution.
with that described above for the human enzyme I8oelectric focu8ing. The preparation was run in (Table 1 ). The starting material was 2.5kg of the LKB Ampholine 8101 colunm in a sucrose minced livers for each preparation, but often three gradient (volume about lOOml), pH 5-7 carrier batches of the acetone-fractionated material were ampholytes (1%) being used. The sample was combined and run together in the column chromaintroduced as part of the light component of the tography steps in proportionately larger columns. gradient, and the column was run for 48h at 600V In this way large quantities (250-300mg) of the with a flow of cooling water at4C. The contents of highly purified enzyme (with about 80% of the the column were then allowed to flow through the ultimate specific activity) were obtained. These LKB Uvicord II, operating at 280nm with a cell preparations wereeitheruseddirectlyinexperiments of 3mm path length, to a fraction collector. The that did not require pure isoenzymes, or further flow rate was controlled by pumping water into the fractionated in the 400 ml gradient of the LKB 8102 top of the column, and fractions (approx. 1 ml) isoelectric-focusing column (Fig. 2) 
Isoelectriefocu ngoftimueextracts
As was to be expected from their behaviour in preparative isoelectric focusing, the enzyme forms In an attempt to discover whether the multiple were clearly separated. The fi and y isoenzymes forms of cathepsin D found after isoelectric focusing from each species appeared to be almost completely of purified enzyme preparations might be due to homogeneous, but the a forms commonly showed the deliberate autolysis step, unautolysed extracts minor impurities. In some experiments cathepsin also were run directly in the focusing column. D assays were made with slices from half of a gel, Samples (lOg) of human or chicken liver were and the other was stained; these always demondispersed in 0.10M-sodium phosphate buffer, pH 6.9, strated a sharp peak of activity coinciding exactly containing 0.2% Triton X-100 and were centrifuged with the stained zone of protein (Fig. 3) . at 100 OOOg for 60min. The supernatant extracts Molecular weight. A column of Sephadex G-100 were passed through Whatman no. 1 filter paper to was calibrated with Blue Dextran (mol.wt. remove fat, dialysed overnight against 1% glycine, 2000000), bovine serum albumin (mol.wt. 65000-and portions containing about 200mg of protein 70000), egg albumin (mol.wt. 44 000-46 000), and 150 units of cathepsin D were incorporated into a-chymotrypsinogenA (mol.wt. 25 000), cytochrome isoelectric-focusing gradients in the LKB 8101 c (mol.wt. 12400) and K3Fe(CN)6 as described column as part of the light component. The earlier. Forms , and y of the human and chicken separations were run for 48h at 600V.
enzymes were run separately on this column, under Determination of cathepsin D in the effluent from identical conditions of flow rate etc. and all the the columns showed distributions of enzymic peaks fell within the range 58-62% bed volume. activity closely similar to those obtained in the The differences may well be within the experimental enzyme purification.
error of the method, and the results indicate that all From these results it seems unlikely that the the forms of cathepsin D examined in this study distinct forms of cathepsin D are produced arti-have molecular weights close to that of egg albumin, ficially during the purification procedure, and this i.e. about 45000, which was eluted at 60% of bed conclusion is supported by the very reproducible volume. This molecular weight is similar to several results of the isoelectric-focusing stage of several reported for cathepsin D from other sources (Barrett, separate preparations from each species. 1969a). There is the possibility that the value Some properties of the purified isoenzymes Analytical isoelectric focusing in polyacrylamide gels. The method of isoelectric focusing in polyacrylamide gels gave consistently good results. Photopolymerization with riboflavin was preferred to the use of ammonium persulphate because of the tendency of the latter reagent to produce artifacts (Fantes & Furminger, 1967; Mitchell, 1967; Brewer, 1967) . The appearance of gas bubbles in isoelectric-focusing gels during electrolysis has troubled many investigators using the technique; this was overcome by the careful degassing of 'solutions, dislodging of air bubbles before polymerization and control of voltage. Coomassie Brilliant Blue is superior to the more widely used obtained under these conditions is that of a dimer, as was found for the acid proteinase of porcine thyroid (Smith, Murray, Nichol & Trikojus, 1969) . The molecular weight of 45 000 serves to distinguish cathepsin D from cathepsin E, which is a much larger molecule . Specific activity. The final specific activity of the fi and y components of chicken cathepsin D preparations was consistently close to 1000 units/mg (it was a convenient approximation that 1 unit represented 1,ug of protein). The corresponding value for the human enzyme was only 600. The a isoenzymes from both species were always of lower specific activity, in agreement with the inhomogeneity commonly detectable in analytical isoelectric focusing. Attempts to increase the specific activities of preparations of the ,9 and y components by chromatography on hydroxyapatite or Sephadex G-100, for example, were unsuccessful, as was to be expected from the other evidence for their homogeneity, and there is probably a real difference in molecular activities between the two species.
The assay procedures described by Press et al. (1960 ), Kress et al. (1966 and Schwabe & Kalnitsky (1966) were applied to a standard preparation of chicken cathepsin D so that approximate conversion factors could be established for the comparison of preparations assayed by the different methods (Table 2 ). It must be appreciated, however, that the slight differences in dependence on pH and perhaps substrate concentration that exist between the enzymes from various species and organs make the comparison somewhat inexact. Taking the results at their face value, it seems that the preparations of Press et al. (1960) and Kress et al. (1966) had specific activities not greatly different from those of the preparations of human cathepsin D described here. It is now clear that Barrett's (1967) preparation from rabbit liver was far from pure, and recent work (A. J. Barrett, unpublished work) has shown that rabbit liver is a difficult source, having relatively low activity and a large number of isoenzymes, none of which is obtainable in good yield. The chicken enzyme preparations described in this paper are probably the most potent samples of cathepsin D yet obtained.
The purified cathepsin D preparations did not hydrolyse a-N-benzoyl-L-arginine amide (a substrate of cathepsin B) or leucine 2-naphthylamide (see Barrett & Poole, 1969) .
Effect of pH on the activity of human and chicken cathepsin D. The pH optimum of chicken cathepsin D was about 3.0, and that of the human enzyme close to 3.5, under the conditions used. Both curves fell steeply on the acid side, due to irreversible inactivation of the enzymes, the human enzyme being the more susceptible. It seems likely that cathepsin D would show a lower pH optimum if the molecule were more stable to acid pH, and this implies the possibility that the functional groups at the catalytic site are similar to those of pepsin. On the less acid side of the pH optimum curves there was a 'shoulder', about 1 pH unit above the pH optimum. This has been found with other cathepsin D preparations acting on haemoglobin, and may be due to properties either of the enzyme or of the substrate; it cannot now be attributed to inhomogeneity of the enzyme.
Within each species, the a, fi and y isoenzymes displayed identical dependence on pH, providing confirmation that these are indeed isoenzymes of cathepsin D, and that none of them is a distinct enzyme. Cathepsin E, for example, would be expected to have a more acid pH optimum (Lapresle & Webb, 1962) , apart from other considerations.
Bovine serum albumin as substratefor cathepsin D.
Acid-denatured bovine serum albumin (Sigma) was used in place of haemoglobin, at the same concentration, in enzyme assays by the standard method. Each of the human isoenzymes gave values of 5% of those obtained with haemoglobin, but the value for each of the chicken isoenzymes was unmeasurable, below 1%.
The low activity of cathepsin D from bovine spleen (Press et al. 1960) , rabbit liver (Barrett, 1967) and other sources (Lebez, A. J. BARRETT 1970 6006 Vol. 117 CATHEPSIN D ISOENZYMES 607 contrasts sharply with the high activity of cathepsin E ) and pepsin (Barrett, 1967) with this substrate. These results therefore confirm that the isoenzymes are indeed all forms of cathepsin D.
DISCUSSION
The existence of numerous isoenzymes of cathepsin D in bovine spleen was described by Press et al. (1960) , and other authors have detected heterogeneity in the enzyme from several sources. To date, however, there has been no method capable of clearly resolving the isoenzymes both analytically and preparatively, but now isoelectric focusing has emerged as a most valuable technique for the purification of cathepsin D and particularly for the separation of the isoenzymes.
There are certainly more than three forms of cathepsin D that can be resolved from both human and chicken liver (as indicated by the smaller peaks in Figs. 1 and 2 ), but no attempt has yet been made eitherto enumerate orto isolate the minor forms. The work of Svensson (1962) together with recent knowledge of the structure of haemoglobin (Lehmann & Huntsman, 1966) suggests that a difference of a single charge in a protein of the size of cathepsin D could cause a shift of about 0.15 unit in isoelectric point. It is therefore clear that quite subtle differences in primary structure may distinguish some of the more closely related isoenzymes.
The availability of pure cathepsin D preparations has enabled us to raise specific antisera against the human and chicken enzymes (Weston, 1969) . The isoenzymes from each species have been run against their respective antisera in immunodiffusion, and the forms from a single species always show reactions of complete immunological identity. These results clearly indicate close structural relationships between the isoenzymes within each species. In contrast, there was no detectable cross-reaction between the two species with the antisera tested (see Weston, 1969 ; A. J. Barrett, P. D. Weston & J. T. Dingle, unpublished work). The specific antisera are being used in an immunoenzymic study of the biology of cathepsin D (Barrett, 1969b 
